Generally, ionic extractants with large hydrophobic groups are highly adsorbable at the liquid-liquid interface, while most lipophilic extractants with no charge are soluble in the bulk organic phase with only slight adsorptivity. However, recent experimental results concerning the kinetic mechanism of chelate extraction have shown that some kinds of extractants without charge, e.g., 2-hydroxy oximes 1 and pyridylazo compounds 2 , have significant interfacial adsorptivity, and that the interfacial reaction between the adsorbed extractant and metal ions in the aqueous phase govern the extraction rates. Although this probably results from some favorable orientation and interaction at the interface of the extractants, the relation between the adsorptivity and the molecular structure is not established. We propose here a new computational method for calculating the solute-solvent interaction energies and evaluating the interfacial adsorptivity of a neutral extractant. In the present study, a molecular dynamics simulation was performed for obtaining the equilibrated configuration of 2-hydroxy-5-nonylbenzophenone oxime (LIX65N) at the heptane-water interface. A molecular mechanics calculation was used to calculate the solute-solvent interaction energy in a given configuration. The energy calculations were performed for three locations of the solute molecule: in the bulk heptane phase, in water, or at the interface.
Method

Modeling of a two-phase system
A molecular dynamics (MD) simulation and a molecular mechanics (MM) calculation were performed on a Silicon Graphics O 2 workstation by using Cerius 2 Dynamics and Minimizer modules (MSI, San Diego), respectively. The DREIDING 2.21 force field 3 was used in all of the simulations. Sixty-three heptane molecules and 499 water molecules in rectangular boxes were independently equilibrated by MD simulations for 500 ps at 300 K in the NPT ensemble. Then, the two boxes were joined along one face, and a two-phase system was constructed. After the whole system was minimized by a 100 ps MD simulation in the NPT ensemble, its cell dimensions were 24.5 Å×24.8 Å×63.9 Å. The cell volume and the density of each liquid were not very much altered during the simulation after a twophase system was constructed. The calculation time step was 0.01 ps (=1 fs). The Hoover method 4 was applied for temperature control. The spline function was employed with a cutoff length of 8.5 Å for nonbonded interactions. The periodic boundary conditions were applied along all three directions.
MD simulation
The model of 2-hydroxy-5-nonylbenzophenone oxime (LIX65N) was built in a vacuum and optimized by a conjugate gradient energy minimization. 5 The total energy was minimized until it changed by less than 0.1 kcal mol -1 . Then, the atomic charge was assigned to every atom by the charge equilibration (Qeq) method. 6 The energy for a structure with a new charge distribution was again minimized, and these operations were repeated until an optimized configuration was finally obtained and further charge reassignment was necessary. The solute was then placed at the interface by putting it near to the center of the interface of the two-phase system. After the structure of the whole system had been optimized by an MM calculation in advance, a 100 ps MD simulation was performed at 300 K in the NVT ensemble. The charges of the atoms within 8.5 Å from the center of mass of the solute were updated by the Qeq method every 1000 time steps (1 ps) during the simulation, and the Gasteiger method 7 was used for assigning charges to other atoms in the bulk area.
Calculation of the solute-solvent interaction energy
After a 100 ps MD simulation of LIX65N at the interface, MM calculations were performed for estimating the solute-solvent interaction energy in the optimized configuration. Since the spline function was used with a cutoff length of 8.5 Å, the atoms beyond 8.5 Å from the solute were ignored in the calculation of the solute-solvent interaction energy. We defined a calculation sphere, a spherical area with a radius of 8.5 Å from the center of mass of the solute. When any atom of a molecule was inside the calculation sphere, the whole molecule was included in the sphere. The coordinates of the atoms outside the calculation sphere were fixed during the minimization. The molecules accounted for in the calculation were, in this case, the single LIX65N molecule, 8 heptane, and 49 water molecules. The charge assignments by the Qeq method before and after the minimization were performed only for the mobile atoms. After the minimization was completed, the internal energy for the optimized structure (E 1 ) was calculated ( Fig. 1) . Because the energies for the interactions among fixed atoms were excluded, E 1 includes all of the energies, except those for the interactions among the atoms outside the calculation sphere. We then removed the solute molecule from the two-phase system and calculated the energy of the current structure without altering the atom positions. The obtained energy (E 2 ) refers to the interactions among mobile atoms in the calculation sphere near to the interface, and those between the solvent atoms in the calculation sphere and fixed ones outside the sphere. The removed solute was placed in a vacuum, and the internal energy of the solute (E 0 ') calculated. Therefore, the energy for the interactions between the solute at the interface and the solvent molecules surrounding the solute within the calculation sphere (∆E i ) was obtained from the equation
Next, the solute molecule was placed in the bulk heptane phase or in the bulk aqueous phase. After the calculation sphere was defined, MM calculations were performed. Mobile solvent molecules included in the sphere were 17 heptane molecules in the bulk organic phase and 97 water molecules in the bulk aqueous phase, respectively. The interaction energies (E 1 , E 2 , and E 0 ') were calculated in the same way, and the values of ∆E i were obtained for both phases according to Eq. (1).
Results and Discussion
The structure of LIX65N was optimized in a vacuum and the internal energy of the molecule (E 0 ) was obtained as 68.20 kcal mol -1 . In a MD simulation of the adsorption of LIX65N from the organic phase to the interface, the solute molecule was initially placed in the bulk heptane phase. In that case, however, the hydrophobic solute was highly stabilized by heptane, and a much longer calculation time than 300 ps seemed to be necessary to obtain a final configuration. Therefore, it was initially placed near to the interface. When the solute was introduced close to the solvent molecules, the nonbonded interaction energy became very high. Such a high initial energy may have led to unrealistic results in the MD simulation. That is why the energy of the whole system was roughly minimized and relaxed by an MM calculation before conducting the MD simulation. By this minimization, the positions of the solute and the solvent molecules around it were slightly changed. An MD simulation for this model was then performed for 100 ps. The calculation time was long enough to estimate the total energy of the system. LIX65N didn't move toward either bulk phase, and was located at the interface after the simulation. The atomic charges were properly updated every 1 ps during the course of the simulation. When the Qeq method was not applied, the electrostatic interaction energy was gradually increased. The same tendency was observed for the total energy, suggesting the large 238 ANALYTICAL SCIENCES FEBRUARY 1998, VOL. 14 Fig. 1 The interaction energies (E1, E2, and E0') were obtained by MM calculations for three situations and the energy for the solute-solvent interaction (∆Ei) was obtained by the relation, ∆Ei = E1 -E2 -E0'.
contribution of the electrostatic interactions in water to the total energy. The values of E 1 , E 2 , and E 0 ' were obtained for the three situations shown in Fig. 2 . The calculated energies were greatly affected by the locations of the solute (Fig. 3) . The negative values of ∆E i in heptane and at the interface indicate that LIX65N is stabilized there by the solute-solvent interaction. The large negative value at the interface concluded that the solute is adsorbable at the heptane-water interface. The positive ∆E i value in water shows a smaller solubility of the solute. The large negative values of E 1 and E 2 both in water and at the interface are reasonable because they include the attractive electrostatic interactions with water molecules and hydrogen-bonding interactions. E 0 ' in water was higher than E 0 , suggesting that the configuration of LIX65N was distorted in water. Actually, the structure of the solute in water was slightly strained. The computational method presented here successfully reproduced the adsorptivity of LIX65N at the heptane-water interface. This approach will be extended for evaluating the interfacial adsorptivities of various solutes and will give us insight into the adsorption mechanisms at the molecular level. 3 The interaction energies calculated for the different locations of the solute. The preferential adsorptivity of LIX65N is predictable from the larger negative value of ∆Ei at the interface.
